Purpose The lysyl oxidase (LOX) family plays a crucial role in the formation and stabilisation of extracellular matrix (ECM) by catalysing the cross-linking of collagen and elastin, implicating its important fundamental roles in injury healing. A high level of transforming growth factor-β 1 (TGF-β 1 ) accompanies the inflammatory phase of an injury of the knee joint. Our purpose was to detect the expressions of the LOX family in anterior cruciate ligament (ACL) and medial collateral ligament (MCL) response to TGF-β 1 . Methods This study used reversed transcript PCR, real time quantitative PCR and Western blot for analyses. Results The results showed significant increases in mRNA levels of LOX family members. At 5 ng/ml concentration of TGF-β 1,
Introduction
The anterior cruciate ligament (ACL) and medial collateral ligament (MCL) are two commonly injured areas of human knee joints [1, 2] . The MCL has the capacity to self-heal and restore joint function of a completely ruptured midsubstance tear within one month, and in most cases, without the need for surgery [3] . On the other hand, the ACL does not heal satisfactorily, even if surgical repair is attempted [4] .
An inflammatory response commonly occurs in the earliest phase of wound healing followed by new connective tissue matrix deposition [5] . Increases in TGF-β 1 accompany the inflammatory response and appear to act as signals modulating the production of matrix macromolecules by fibrogenic cells at the site of injury [6] . Recent studies have illustrated that exogenous TGF-β 1 had a strong effect on the collagen production of ACL cells [7] . Meanwhile, TGF-β 1 expression could be regulated by transferring the TGF-β 1 gene into ACL cells to enhance the collagen type synthesis in vitro [8] . Furthermore, TGF-β 1 could promote fibronectin synthesis, which plays an important role in the complicated interaction between ligament cells and their matrix environment [9] .
The lysyl oxidase family contains four additional members characterised by conserved C-terminal copper binding and functional catalytic domains. They include lysyl oxidase-like proteins 1 (LOXL-1) [10] , 2 (LOXL-2) [11] , 3 (LOXL-3) [12] , and 4 (LOXL-4) [13] , whose residue lengths are 574, 638, 753, and 756 kDa, respectively; by comparison, human prepro-LOX is 417 residues in length. Although there is little homology in the Nterminal regions of these proteins with the LOX propeptide domain, the significant homology within the C-terminal domains appears among the human LOX family [14] . Csiszar et al. [15] reported that consensus sites for cleavage by procollagen C-proteinases are absent in LOXL-2, 3, and 4, but are present in all pro-LOX enzymes and in LOXL-1; the sequences flanking the lysine and tyrosine progenitors of the LTQ cofactor in LOXL are highly conserved with those in LOX. The corresponding sequences in LOXL-2, 3, and 4 also exhibit similarities with those of LOX and LOXL-1, but are not as highly conserved.
The lysyl oxidase family can oxidise peptidyl lysine to peptidyl aldehyde residues within collagen, thus initiating formation of the covalent cross-linkages that precipitate these extracellular proteins, and fulfill the formation and repair of ECM [16] . Some reports have shown TGF-β 1 has the capacity to mediate up-regulation of lysyl oxidase in the kidneys of hereditary nephrotic mouse [17] and human lung fibroblasts [18] . In many pathological fibrotic situations, the expression of LOX and its enzymatic activity are controlled by transforming growth factor (TGF)-β 1 [19] . But the mechanism is still unclear on how TGF-β 1 regulates LOX family expressions.
Our hypothesis is that TGF-β 1 could also mediate expressions of LOXs in ACL and MCL fibroblasts, implying the important role in stabilisation of ECM and ligaments repair. In order to determine different expressions of LOX response to TGF-β 1 in both ACL and MCL, we detected all members of the lysyl oxidase family using reversed transcript PCR and real time quantitative PCR and Western blot. These findings of different increases of LOXs in ACL and MCL contribute to intrinsic differences and different healing abilities between ACL and MCL.
Materials and methods

Cell culture
Human ACL and MCL cells were harvested from four donor tissues (age range 30-60, two male and two female). The ligament tissue was isolated within 12 hours of surgical intervention and immediately washed with l× PBS plus penicillin and streptomycin (200U/ml) and then cut into small pieces of 2×2×2 mm. The small pieces of ligament tissue were suspended in 10% FBS-DMEM and incubated at 37°C in a humidified atmosphere of 5% CO 2 and 95% air. After the ligament cells migrated out of the tissues and attached to the bottom, the tissues were transferred to another flask, letting the remaining cells grow to confluence (85-95%). The cells were then frozen into arrest with liquid nitrogen until use. Cells were cultured in 10% FBS media (low glucose DMEM, 0.1 mM nonessential amino acids, 4 mom L-glutamine, and antibiotics) at 37°C in a humidified atmosphere of 5% CO 2 and 95% air. Only cells from passage 1 to passage 5 were used in the experiments.
TGF-β 1 treatment
Cells were trypsinised and seeded on six-well plates at the concentration of 5×10 5 cells per plate (85-95% confluence). Cells were allowed 16 hours to seed and equilibrate. The culture media was removed and replaced by 2% FBS medium for 16 hours for starvation. Immediately before being treated with TGF-β 1 at different concentrations (1 ng/ ml, 5 ng/ml, 50 ng/ml), the culture media was replaced with fresh 1% FBS media. Samples of 600-μL culture media were collected at zero hours and 24 hours for Western blot; 800-μL cell lysate samples (according to the RNA Bio-teke Isolation Kit) were collected at zero, two, six, 12 and 24 h at 5 ng/ml TGF-β 1 ; then 800-cell lysate samples were collected at two hours after treatment with 1 ng/ml, 5 ng/ml and 50 ng/ml TGF-β 1 .
RNA isolations and first-strand cDNA synthesis Total RNA was isolated from ACL and MCL fibroblasts using Rneasy Plus Mini Kit (Qiagen, German) according to manufacturer's instructions. RNA samples were quantified using the Nano Drop® spectrophotometer and stored at −80°C DNase I (MBI, UK); digestion was performed before the cDNA synthesis. Then, 20 μl cDNA was synthesised from 1 μg RNA using the reverse transcription kit (MBI), according to the manufacturer's instructions.
Reversed-transcript PCR
To evaluate the expression levels of TGF-β 1 -induced LOX family members in both ACL and MCL normalized to the housekeeping glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene (or beta-actin gene), RT-PCR was performed with a PCR kit (MBI) using thermo-cycler (BioRad) according to described techniques. PCR primer pairs of these genes were designed using Primer5.0. The selected sets of primers are shown in Table 1 . The BLAST was used to search for all the primer sequences to ensure gene specificity. RT-PCR reactions were performed in a 25-μl volume containing a 1 μl cDNA sample following the manufacturer's recommendations. PCR consisted of an initial 30 seconds denaturising at 94°C, 30 seconds for annealing at 55-64°C and 72°C, 30 seconds for elongation, and 25-32 amplification cycles. Products were resolved by 2% agarose gel electrophoresis in Tris-borate/EDTA buffer and visualised by staining with ethidium bromide.
Real-time quantitative PCR
Real-time quantitative PCR was performed with QuantiTect SYBR Green PCR kit (Qiagen, German) using iCycler (BioRad) according to described techniques. RT-PCR reactions were performed at 0.5 μM for each primer in a 25 μl volume containing a 1 μl cDNA sample. The reaction was initiated by activating the polymerase with a five minute preincubation at 95°C. Amplification was achieved with 42 cycles of 15 seconds denaturation at 94°C, 20-30 seconds annealing at 64°C and 10 seconds extension at 72°C. The program was concluded by a melting curve analysis. All experiments were performed in triplicate. The copy numbers of each gene were determined with cycle threshold (CT) methods. The means of the copy numbers of GAPDH were used as internal controls to normalise the data. Standards for establishing standard curves of all primers were prepared from total normal RNA, amplified by RT-PCR, and cloned using TOPO II TA cloning kit (Invitrogen) following the manufacturer's recommendations.
Western blotting
Protein samples were prepared by mixing one part of sample with one part of Bio-Rad Laemmli sample buffer and then boiled at 100°C for three minutes. Proteins were separated in 10% SDS-PAGE and transferred to a PVDF membrane at 200 mA for two hours at room temperature (RT). The blot was blocked with 5% non-fat dry milk suspended in 1×TBST for two hours at room temperature.
The resulting blot was incubated with 1:1000 goat LOX polyclonal antibody from Santa Cruz Biotechnology (H-76, sc-10736) for two hours at RT, followed by incubation with 1:5000 rabbit anti-goat IgG-HRP from Santa Cruz Biotechnology for two hours at RT. Between the first and second incubation, the blot was washed three times with 1× TBST for five minutes each time. Signals from blots were obtained using Santa Cruz Western Blotting Luminol Reagent Kit (sc-2048). Proteins were visualised by chemiluminescence with hydrogen peroxide using Kodak X-AR and luminol as substrate.
Statistical analysis
Statistical analysis was performed by one-way analysis of variance (ANOVA) to determine whether differences existed among groups. Post-hoc analysis used Fisher's protected least significant differences (PLSD). In each analysis, critical significant level was set at α =0.05.
Results
Cell viability
No cytotoxic effects of exogenous growth factor TGF-β 1 were observed on the ACL and MCL cells at the doses used in this study (data not shown). Additionally, increasing dose of TGF-β 1 did not significantly alter cell viability in our lab.
The LOX family members were all expressed in normal ACL and MCL fibroblasts
In cultured cells, we found all family members were expressed in both normal ACL and MCL through reversed transcript PCR, real time quantitative PCR and Western blot. The real time PCR results showed all family members are expressed higher in MCL than those in ACL, 2±0.3-fold in LOX, 1.2±0.2-fold in LOXL-1, 4.9±0.3-fold in LOXL-2, 2.8±0.3-fold in LOXL-3, and 1.3±0.1-fold in LOXL-4.
Significant increases of LOX family in ACL and MCL induced by TGF-β 1 at different concentrations Figures 1 and 2 show that TGF-β 1 up-regulated LOX gene profiles in ACL and MCL at different concentrations (1 ng/ ml, 5 ng/ml, 50 ng/ml). Reversed transcript PCR showed elevated expression arrays in both ACL and MCL, and the elevated mRNA levels of LOXs in ACL was relatively lower than those in MCL. From real time quantitative PCR, after two hours of TGF-β 1 treatments, we detected gene levels up to 123%, 141%, 68% (down-regulated to some extent, two hours treatment seems to have no break through) and 174%, 181%, 103% in LOX; 104%, 1.23%, 107% and 214%, 186%, 162% in LOXL-1; 125%, 151%, 84% and 141%, 154% , 93% in LOXL-3; 93%, 114%, 118% and 132%, 143%, 107% in LOXL-4 in ACL and MCL at 1 ng/ml, 5 ng/ml, and 50 ng/ml, respectively, compared with normal controls. LOXL-2 vary around control at two hours TGF-β 1 treatments in both ACL and MCL. In addition, no correlation between DNA and age or sex was found.
Five ng/ml TGF-β 1 promoted strongly active gene expressions of LOXs in ACL and MCL, and an mRNA level peak appeared at different time points within 24 hours after treated with TGF-β 1 .
Because the time points at which a gene responds to TGF-β 1 vary, we determined the mRNA levels of LOX family genes at zero, two, six, 12, and 24 hours after initiation of TGF-β 1 treatments. We found that different LOXs mRNA levels peak at different time points. LOX and LOXL-3 reached peak at 12 hours, all others at six hours (see Fig. 3 ). Reversed transcript PCR arrays showed up-regulations of LOXs in both ACL and MCL, while elevated LOXs in ACL are relatively lower compared with those in MCL (Fig. 4) .
LOXs showed different activities in ACL and MCL culture medium
We performed Western blot analysis to show the expressions of protein levels of the LOX family in ACL and MCL after TGF-β 1 treatments. We collected culture medium for LOX activity assay and cell lysate for β-actin activities. After 24 hours treated with 5 ng/ml TGF-β 1 , we collected supernatants of cultured ACL and MCL. Figure 5 shows the results of Western blots. The GS-800 (bio-rad) for Western blot in our lab showed the activities of sample medium treated with 5 ng/ml TGF-beta1 included a 10% increase compared with no treated control in ACL and 13% increase in MCL.
Discussion
The reparative capacity of ligament cells in animals and humans depends on their cellular properties and their response to growth factors [19] . The ACL is an extracellular structure surrounded by a thin layer of synovial tissue within an intra-articular environment such that when this synovial tissue is ruptured, the ACL is exposed to synovial fluids, haemorrhagic breakdown products and proteolytic enzymes [20] . Due to its extra-articular location and very limited vascular bed environment, the ACL is incapable of forming intermediate scar tissue and lacks an initial inflammatory response, resulting in poor tissue healing [21] . Compared with MCL, the level of pro-collagen mRNA are obviously lower in ACL at normal and injury states [22] . The ACL also has a poor vascular response after injury which makes its repair more difficult [23] . These intrinsic differences from MCL fibroblasts could help to explain ACL poor healing ability. However, ACL and MCL injury and repair processes are very complex. It was reported from the rabbit model that expression of TGF-β 1 was increased in and around the wound site in the rabbit MCL seven days following surgical injury, while, in the ACL, these protein expressions were limited to the injury site periphery and were lower in intensity than in MCL injuries [24] . In humans, ACL exhibit poor cellular properties, as well as a low level of response to growth factors, in regard to DNA synthesis, Fig. 1 Up-regulations of lysyl oxidase-like protein (LOXS) genes in both anterior cruciate ligament (ACL) and medial collateral ligament (MCL) after (TGF-β1) treatments with different concentrations by Reversed Transcript PCR. Through (GAPDH) (transforming growth factor-β1 glyceraldehyde phosphate dehydrogenase), the PCR arrays showed higher expressions of LOXs in MCL than these in ACL after treated with TGF-β1 (chose the concentrations of 1 ng, 5 ng, 50 ng). Size (in bp) of PCR products are indicated to the left of each pane Fig. 3 Five ng/ml TGF-β1 promoted high expressions of lysyl oxidaselike (LOX) proteins in both anterior cruciate ligament (ACL) and medial collateral ligament (MCL), and elevated mRNA peaks appeared within 24 h after TGF-β1 treatments by real-time quantitative PCR (mean ± SD) (n =3). An mRNA peak appeared at 12 h in LOX and LOXL-3; for LOXL-1, LOXL-2, and LOXL-4 the peak appeared at 6 h. *Significant difference with respect to control (p <0.05) Fig. 2 Elevated gene profiles of lysyl oxidase-like (LOX) proteins in anterior cruciate ligament (ACL) and medial collateral ligament (MCL) after TGF-β1 treatments with different concentrations by real-time quantitative PCR (mean ± SD) (n =3). *Significant difference with respect to control (p <0.05) compared with those in MCL cells [18] . Proper administration of TGF-β 1 can improve ACL healing [25, 26] .
LOX is a key enzyme in ECM maturation through catalysing an essential enzymatic step in collagen and elastin cross-linking [16] . LOX up-regulation inferred an important role in the wound healing mechanism. We believe this is the first time LOX family expressions have been detected in ACL and MCL after TGF-β 1 treatments. Our results of up-regulated expressions of LOXs in ACL and MCL were consistent with those previously reported in the kidneys of hereditary nephrotic mouse [17] and human lung fibroblasts [18] . Interestingly, Shanley et al. reported that TGF-β 1 could increase the enzymatic activity of LOX [27] . Our results not only showed the increasing activities of LOX in both ACL and MCL, but also showed LOX activities were stronger in MCL than that in ACL fibroblasts.
The four LOX-like family members have fulfilled the traditional roles of cross-linkage by their homologous catalytic capacities. Substrates of LOXs for catalysis are mainly type I, II and III collagen and elastin [14, 16] , while the mechanism of different catalytic efficiencies and capacities of all members is unknown. Kim et al. [28] reported that neither deletion nor truncation of the Nterminal domains affected amine oxidase activity LOXL4, but not LOXL-2. Yu et al. [29] revealed that LOXL-3 gene expressions, enzymatic activities, and LOXL-3-mediated collagen cross-linking in ventricular stiffness and lymphocyte cells paralleled with LOX.
Kim et al. [30] reported TGF-β 1 regulated LOXL-4 expression through binding of AP1 transcription factor to a conserved region of the promoter in human HCC cell lines. In ACL and MCL, our results showed TGF-β 1 , as a multifunctional cytokine, up-regulated all LOX family members. As the whole family members fulfilled cross-linkage in the ECM, we inferred the stabilisation of ECM was the synergistic effect of LOXs, and proper high levels of TGF-β 1 could help to promote the cure of injured ACL.
We must note that our TGF-β 1 treatments only partially mimic the factors applied to LOX expressions during ACL injury, and do not represent the real situation. It is well known that in the knee joint fluids, the levels of IL-1α, and TNF-α are all elevated. These factors may further modulate the level of LOXs released from ACL and other sources. In our study, we have only analysed the LOXs of ACL and MCL fibroblasts response to TGF-β 1 . In the actual injury state, all factors may exert the effect together to induce LOX expressions during the injury cascade.
In conclusion, in this study, the results showed significant increases in mRNA levels of LOX family members induced by TGF-β 1 . At 5 ng/ml concentration of TGF-β 1 , the gene expressions of LOXs showed most activity. In order to mimic the real surroundings after ACL injury, we must pay attention to synergistic effects of inflammatory factors and growth factors to make good experiments in vitro to approach the cure of injured ACL. Western blot. After 16 h starvation in 2% FBS, the medium was switched to 1% FBS with 5 ng/ml TGF-β1 treatment. The culture medium samples were collected at 24 h for LOX assay, and cell lysate samples for activities of β-actin. Samples were subjected to Western blot
